Introduction
Recent pulsec ldser deposition (PLD) experiments have demonstrated that by varying the pulsed laser wavelength, intensity, and ambient gas pressure, both the energy distribution and the nature of the ablated flux can be controlled [I, 3-12].
Cluster and nanocrystal formation are greatly enhanced by ablating a material into a moderate-pressure (0.1-10 torr) ambient gas [2] . With increasing gas pressure, the film-deposition flux changes from primarily atoms and ions to clusters and nanocrystals, the latter typically having diameters of 1 to 20 nm and containing from lo2 to lo6 atoms. For example, we recently grew p-type, nitrogen-doped epitaxial ZnTe films on GaAs(001) by ablating a ZnTe target into ambient N, gas [3-51. However, the hole mobility exhibited a pronounced maximum in films grown at -50 mtorr N, pressure, with lower mobilities for films grown at N, pressures 2100 mtorr. This degradation was shown to be due to the onset of significant ZnTe cluster deposition with increasing N2 pressure [4, 5] .
Pure cluster-assembled or nanocrystalline films are of interest in their own right since they may have properties much different than films grown from a predominantly atomic/ionic flux, either because of quantum confinement effects or because entirely new composite materials can be formed, for example by reaction with species present in the vapor phase 161. Thin-film deposits of nanocrystalline Si were grown recently by , by ablating a Si-wafer target into He gas at a low pulsed ArF (193 nm) laser energy density, Ed, of 1 J/cm2, and also by Makimura et al. [lo-121 , who used a frequency-doubled Nd:YAG (532 nm) laser at much higher Ed -10 J/cm'. Much smaller nanocrystals were obtained for ablation into He than into Ar [13, 141. Using a target-substrate separation, Dts, of 7 mm, Yoshida et al. found that the mean size of the Si nanocrystals increased proportional to the 1/2.8 power of the He pressure, P, for 2 5 P 5 10 torr [7l. Using Dts = 19 mm, Makimura et al. found qualitatively similar behavior, with the Si nanocrystal diameter varying as the 1/1.3 power of P for 0.5 I P I 2 0 torr [lo] .
Because of interest in using PLD for both epitaxial and nanocrystalline semiconductor film growth, and the importance of understanding cluster and nanoparticle formation, we have carried out systematic studies of the conditions required to form (or to avoid forming) highly nanocrystalline semiconductor films.
Here we report measurements of the size distributions and microstructure for Si and ZnTe nanocrystals produced by pulsed ArF (193 nm) laser ablation into ambient He or N2, respectively. The mean nanocrystal size was controlled by varying both the ambient gas pressure and the target-substrate separation. For nano-Si, our experimental conditions were chosen to overlap, but extend to larger Dts! the recent low-Ed experiments by Yoshida et al. that produced electroluminescent nano-Si films [9] . For nano-ZnTe, the experimental conditions overlap but extend to much higher nitrogen pressures and shorter Dts the low-& ablation condition that we earlier found was best for epitaxial growth of p-ZnTe:N [3-51.
2.

Experimental
Nanoparticles were deposited at room temperature onto Si(OO1) substrates (Wacker, both p-and n-type, 0.2-0.3 ohm-cm) in a load-locked UHV chamber. For each deposition, two Si strips (4 mm wide x 40 mm long) were positioned D b from the target. The two Si strips were mounted one above the other, facing the target, with a 5 mm gap between them through which the laser beam could pass. The Si substrates were dipped for 30 sec in 5% HF (to reduce the native oxide and hydrogenpassivate the surface), blown dry with N2/ and then were immediately loaded into the chamber.
A short-wavelength ArF (193 nm) laser was used at low energy density, Ed, i n order to minimize ejection ("splashing") of large particulates from the targets. A 10 mm x 10 mm aperture was used to select the most uniform part of the laser beam, which was focused using two crossed cylindrical lenses. Ed was carefully calibrated using burn patterns on tempered, polished, and blued steel ribbon [XI; the focused beam area was -5.4 mm2. Targets were rotated at 20 rpm and the laser beam also was switched from the left to the right side of the target after every 128 shots (making a -12 mm diam track) to minimize target "coning" and production of large particulates. In connection with model calculations it should be noted that all targets were pre-ablated to reach a steady state (and a textured surface) prior to nanoparticle deposition by taking 2,000 or more shots in vacuum while the substrates were in the load lock.
Silicon. Nanoparticles were deposited using 500 laser shots on Si(OO1) targets (Wacker, p-type, 0.2-0.3 ohm-cm) at a pulse energy of 56 mJ, corresponding to Ed = 1.04 (f0.06) J/cm2, in order to closely reproduce the laser conditions of Yoshida et al. ZnTe. Nanoparticles were deposited using 500 laser shots on a fine-grained, hot-pressed ZnTe target (starting material 99.999% pure) at a pulse energy of 40 mJ, corresponding to Ed = 0.74 J/cm2. This is close to the laser Ed used for our best p2nTe:N epitaxial films, grown in 50 mtorr of N2 13-51. ZnTe nanoparticles were collected at distances 4 cm 5 Dts < 12 cm from the target, at N2 pressures of 0.15, 1.5 and 10 torr; hydrogen was used in a few experiments. The TM-AFM has good vertical resoliitlon -0.05 nm but its horizontal resolution (apparent particle width) is limited by the finite size of the imaging tip.
Consequently, the measured nanoparticle height was taken to be the nanoparticle diameter. Nanoparticle size distributions (number density vs diameter) were obtained by statistical analysis of the TM-AFM images. Briefly, the images first were fit to a plane and flattened; then a statistical roughness analysis was carried out to determine the rms and average surface roughnesses. A grain size analysis was performed next by passing a series of planes through the nanoparticles at various heights above the reference surface, using a height increment of one-half the rms surface roughness. The number of nanoparticles terminating in each height interval then could be determined. This method of determining the nanoparticle size distribution tends to overestimate the number of very small nanoparticles because jagged surfaces on larger particles may be counted as two (or more) particles.
Ln contrast, direct visual analysis of plan-view HRSEM images inevitably underestimates the number of small particles, because particles below a certain size are ignored. Jaggedness aIso could result in an overestimate of the number of large particles, but that error can be avoided simply by viewing successive planar intersections and noting where bifurcations occur. The nanoparticle height distribution also was viewed along particular line-scan directions on the surface as a rough check on each statistical analysis.
3.
Results for Silicon
Representative AFM measurements of the Si nanoparticle size distribution (nanoparticles/pm vs mean height) are shown in Figure 1 . Similar measurements [16] revealed that for He pressures in the range 1.5 I P I 10 torr, large nanoparticles were most numerous close to the target. With increasing target-substrate separation, the size distribution shifts toward smaller nanoparticles. When combined with visual observations of the ablation plume the AFM data reveal that for any He pressure the largest nanocrystals were deposited beyond, but still close to, the end of the luminescent plume, with the nanocrystal size distribution shifting systematically toward smaller average diameters for larger Dts (Figs. 1 and 2 ). This trend does not seem to have been present (or noticed) in earlier studies of laser-ablated Si nanocrystals. However, it is quite general in our data and perhaps is a useful constraint on model calculations of the overall nanocrystal formation and deposition process. Table 1 shows that by changing the N2 or H2 pressure and target-substrate separation the average diameter of ZnTe nanoparticles could be varied over a wide range. Quite small ZnTe nanocrystals, with mean diameters of 1-2 nm, were formed either by ablating into N2 at 150 mtorr or into H2 at 1 torr and collecting at Dts = 10 cm (Table 1) .
Results for Zinc Telluride
HRSEM data for P[N2] = 1.5 torr (Table 1) show that for fixed pressure the largest ZnTe nanocrystals were collected closest to the ablation target, just as was found for Si ( Figs. 1 and 2) . The HRSEM data for N; ! pressures of 1.5 and 10 torr and fixed Dts = 4 cm also reveal slightly smaller ZnTe nanocrystals at the higher pressure, perhaps indicating that the mean size of ZnTe nanocrystals reaches a maximum value at an intermediate N2 pressure, similar to the behavior of Si shown in Fig. 2 . Table 1 also includes a comparison of the ZnTe nanocrystal diameters measured by HRSEM and AFM for P[NA = 1.5 torr, Dts = 8 cm, and shows that the mean diameter determined by AFM is about a factor of two smaller. This does not indicate that there would be any difference in the diameters measured by AFM and HRSEM for the same nanocrystal, but simply that the AFM data set includes many small nanocrystals that apparently are missed in visual inspections of HRSEM images.
HRZTEM was used to study in detail the microstructure, crystallinity, and composition of individual ZnTe nanoparticles in relation to their formation mechanism. The samples for these studies were briefly air-exposed but were loaded into the microscope within a few minutes after deposition. As shown in Figure 3, atomic-resolution Z-contrast imaging revealed that both large (-10 nm) and small ZnTe (-2-3 run) nanoparticles consist of a crystalline core surrounded by an amorphous ZnO shell (see EELS below) [lq. In fact, Z-contrast imaging detected what appear to be facets at'the surface of the crystalline core as well as internal defect structures, including what may be a twin boundary and stacking faults within the larger nanocrystal in Fig. 3 . Other AFM images, as well as HRSEM pictures, revealed that the largest ZnTe nanocrystals were formed by collisions in the N2 gas that resulted in initial nano-crystallite growth followed by subsequent agglomeration with other nanocrystals.
Information about the electronic structure and chemical composition of ZnTe nanocrystals was obtained by measuring electron energy loss spectra (EELS) point-bypoint across the larger nanocrystal of Fig. 3(top) . The resulting high-resolution composition profile is shown in Fig. 3(bottom) . The 0 and Te EELS profiles and HRZTEM images reveal definitively that the nanocrystal has a crystalline ZnTe core surrounded by an oxidized, amorphous ZnO outer shell.
5.
Discussion
Our finding that there is a maximum in the Si nanoparticle size distribution The relatively "open" collection geometry employed in this work, with long Sistrip substrates placed both above and below a central -5 mm gap through which the laser beam passed, may reduce reflection of the shock front that is formed when a target is ablated into a gas [IS] . In the experiments of Yoshida et al., at The absence of a normal (Gaussian) size distribution in the AFM measurements of Fig. 1 , in contrast to HRSEM measurements, seems to result from the ability of the AFM to detect quite small nanoparticles, together with the need for an absolute cutoff (at approximately one standard deviation in surface roughness) i n the minimum nanoparticle size that can be measured by the statistical analysis method used here.
The largest Si nanoparticles were found at Dt, = 10 mm in this work, with the mean diameters decreasing at Dt, = 20 mm and 40 mm (Fig. 2) . Yoshida et al. did not vary Dt, [13] , while the model of Makimura et al. [lo] suggests that the nanoparticle size should increase with increasing Dt, if Dt, lies inside the "final" ( nanoparticles produced in our work have a crystalline Si core surrounded by a n oxide shell, as argued by Makimura et al., is uncertain [lo] . We note that Duscher and co-workers [19] recently found that the most luminescent laser-ablated Si nanoparticles were a homogeneous silicon-rich oxide, and definitely did not have a crystalline core with an oxide shell structure such as that reported here for ZnTe (Fig. 3 ).
Conclusions
Several significant conclusions follow from this work. First, the mean size of nanoparticles produced by ablation into a gas and collected at some fixed distance does not necessarily increase monotonically with the gas pressure, as was found in earlier work [7, 10] . Instead, for silicon ablated into helium the mean nanoparticle size reached a maximum at a pressure near 6 torr, with smaller nanoparticles found at both higher and lower pressures, for each target-substrate separation studied. Data Finally, the mean size of nanoparticles produced by ablation into a gas is a strong function of the gas molecules' atomic number (scattering cross section), with larger molecules producing larger nanoparticles at a given pressure. 
